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Abstract: A linear tetraphosphine, meso-bis[(diphenylphos-
phinomethyl)phenylphosphinomethane (dpmppm) was used
to synthesize linear octapalladium-extended metal atom chains
as discrete molecules of [Pdgy(u-dpmppm),J(BF,), (1) and
[Pdg(u-dpmppm) ,L,](BF,), (L =2,6-xylyl isocyanide
(XYINC; 2), acetonitrile (3), and N,N-dimethylformamide
(dmf; 4)), which are stable in the solution states and show
interesting temperature-dependent photochemical properties in
the near IR region. Variable temperature NMR studies
demonstrated that at higher temperature T~ 140°C the Pd;
chains were dissociated into Pd, fragments, which were
thermodynamically self-aligned to restore the Pdg chains at
lower temperature T<60°C. The coldspray ionization mass
spectra suggested a possibility for further aggregation of the
linear tetrapalladium units.

M etallic materials have widely been utilized in a variety of
electronic devices, and their downsizing into nanoscaled
fabricates is extremely desired in modern industries from
the viewpoint of saving energy and resources to establish
sustainable future systems.!! Among the motifs of nano-
structures, one-dimensional arrays of metal atoms (meso- to
nanowires) have attracted rapidly growing attention as nano-
scaled multifunctional devices. This has been promoted by the
synthetic developments, e.g., the electrodeposition of metal
atoms on step-edges of crystalline substrates into nano-
channels and between nanogaps as well as physical manipu-
lations with scanning probe microscopy, electron-beam li-
thography, and break junction techniques.”! Along this line,
the ultimately thinnest electric wire that may consist of
a single-metal-atom chain sheathed with insulating materials,
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so-called “extended metal atom chains” (EMACs), is one of
the most theoretically important and challenging targets,
because the anisotropically confined electrons in a single
metallic chain would be predicted to exhibit fundamentally
different transport properties, conceptually corresponding to
the transition from atomic to bulk electronic behavior.

Although their reproducible synthesis is extremely diffi-
cult at present, one of the promising strategies involves
a procedure of molecular chemistry that constructs linearly
ordered multinuclear metal complexes as discrete molecular
EMAGC:s. Several groups have synthesized molecular EMACs
by using linearly well-designed multidonor organic ligands as
guiding templates,* ¥ establishing Ni, and Ni;; chains sup-
ported by polypyridyl- and polynaphthyridylamide ligands,
respectively, as the longest end of structurally characterized
examples.”') These compounds are promising building
blocks for extending the metal atom chains, whereas the
length of the molecular EMACs is still quite limited and
entirely depends on the length of the organic ligands. We have
studied linearly ordered metal complexes supported by
a triphosphine, bis(diphenylphosphinomethyl)phenylphos-
phine (dpmp), and reported that linear Pt,M trinuclear
complexes, [Pt,M(p-dpmp),L,]*" (M=Pt, Pd, L=isocya-
nide), were reductively coupled to form hydride-bridged
Pt,M,Pt, hexanuclear complexes, [Pt M,(pn-H) (-
dpmp),L,]’*, which were further transformed to the
Pt,M,Pt, chains by two-electron oxidation.™™ These kineti-
cally controlled procedures implied that the incremental
expansion of linear multinuclear building blocks is applicable
for the preparation of discrete molecular EMACs. To increase
the number of metal atoms, we have recently developed
a linear tetraphosphine, meso-bis[(diphenylphosphinometh-
yl)phenylphosphino]methane (dpmppm),'® and tried to syn-
thesize extended metal atom chains at a low oxidation state,
which could be an atomic replica of real electric wires. In the
present study, we have discovered that tetrapalladium frag-
ments supported by two dpmppm ligands, {Pd,(u-
dpmppm),}*", are thermodynamically self-aligned into
a linear octapalladium array of {Pdg(u-dpmppm),}*" in the
solution state. The electronic properties of the octapalladium
chains are tuned by a series of terminal capping ligands, and
the coldspray ionization (CSI) mass spectra indicated the
possibility of further aggregation of the tetrapalladium units
that could lead to unit-incremental expansions of palladium
wires.

When the tetraphosphine dpmppm (in dichloromethane)
was reacted with [Pd(dba),] and [Cu(CH,;CN),]JBF,'" in
a ratio of 1:2:1, an octanuclear palladium complex, formu-
lated as [Pdg(pu-dpmppm),](BF,), (1), was obtained in a crys-
talline form (Scheme 1). Complex 1 was coordinatively
unsaturated without terminal capping ligands, and its cluster
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Scheme 1. Preparation of octapalladium complexes 1-4.

valence electron count (CVE) of 108 is six-electron-deficient
from the electron precise number of 114 which corresponds to
eight 16e~ Pd centers linearly connected by metal-metal
covalent bonds, and consequently, complex 1 readily reacted

Figure 1. a) Perspective view of the complex cation of 1, with space
filling diagrams for Pd and capped stick models for P and C atoms.
b) ORTEP diagram for the complex cation of 2. ¢) ORTEP diagram for
the complex cation of 3, in which C—H—mxt interactions are highlighted
with red and blue colored phenyl groups (c, top) and a perspective
view drawn with space filling models (c, bottom).
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with 2,6-xylyl isocyanide (XyINC) to afford [Pdg(p-
dpmppm),(XyINC),|(BF,); (2; CVE 112). When similar
reactions were carried out in acetonitrile (CH;CN) or N,N-
dimethylformamide (dmf), solvent-terminated octanuclear
palladium complexes, [Pdg(p-dpmppm),L,](BF,), (L=
CH;CN (3), dmf (4)), were isolated as crystals (Scheme 1).

The detailed structures of 1-4 were determined by X-ray
crystallography (Figures 1a—c, S1-S4, and Tables $1-S3)!"® to
consist of linearly aligned octapalladium atoms (Pd-Pd-Pd =
174.42-179.50°) bridged by four dpmppm ligands and termi-
nated without (1) and with o-donating organic molecules of
XyINC (2), CH;CN (3), and dmf (4). The complex cations
have + 4 charge, neutralized with four BF, anions, indicating
that the average oxidation state of Pd is 4 0.5 with apparent
involvement of Pd” atoms in a chain. Notably, the octanuclear
chain is the longest discrete molecular EMAC of low-valent
precious metals thus far, whereas it should be noted that
Ritter et al. reported solution-stable one-dimensional Pd(+ 3)
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Figure 2. a) Plots of MOs responsible for o-interactions in the Pd,
strings for the model compounds, [Pdg(C;H1,P,)]*" (M1), [Pds-
(CsH1,P0)«(CNCH,),** (M2), and [Pdg(CsH1,P,) . (NCCH,),* (M3),
optimized by DFT calculations. b) A simulated absorption spectrum
for 1 by TD-DFT calculations, and plots of HOMO and LUMO for the
real structure of 1 (inset views).
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and Pd(+2.5) wires characterized as molecular-weight-dis-
tributed coordination polymers in the solutions.'”? The Pd-Pd
distances ranging from 2.6249(6) to 2.7921(6) A suggest that
all Pd atoms are connected with metal-metal bonding
interactions and show an ideal D, symmetrical structure, in
which the Pd-Pd distances become longer from the outside to
the inside part. Interestingly, the central Pd-Pd distances with
no bridging ligand were shorter than the neighboring Pd-Pd
distances, as Pd,,—Pd;, (2.625-2.693 A) < Pd,-Pd,, (2.682-
2.733 A) < Pd,—Pd.., (2.765-2.792 A) > Pd..,—Pd.., (2.732-
2.774 A) for the {Pd,,Pd;,Pd;,Pd..,Pd...Pdi,Pd;,Pd,,} array.
Furthermore, the complex cations of 1-4 exhibit four inter-
and four intraligand C—H-m interactions between the phenyl
groups and the methylene C—H units of dpmppm ligands
(Figures 1c¢, S1-S4, and Tables S4-S7); the former may play
an important role in supporting the central Pd-Pd bonding
interaction, because it has no bridging ligand (Figure 1c,
phenyl groups shown in red).

To examine Pd-Pd bonding nature, gas phase theoretical
optimizations with DFT methods (B3LYP/LANL2DZ)>"
were performed on the model compounds [Pdg(CsH;,P,),]*"
(M1), [Pdg(C3H,,P,),(CNCH;),]*" (M2), and [Pds(CsH ,P,)-
(NCCHs;),]*" (M3), which correspond to the real structures of
1, 2, and 3, respectively, though the phenyl groups of the
dpmppm ligands were replaced with H atoms (Figures S14—
S15 and Table S8). The optimized structures are basically in
agreement with the crystal structures besides systematic
increases of the Pd-Pd distances.
The eight crucial molecular orbitals
(MOs) responsible for o-interac-

ture of 1 also showed the similar delocalized bonding
interactions between the central four Pd atoms, which
should be a main factor in constructing the Pdg chains
(Table S9).

The octapalladium chains of 1-4 are remarkably stable in
the solution states at room temperature and exhibit interest-
ing temperature-dependent phenomena. The electronic
absorption spectra of 1 and 2 in CH,Cl, at 25°C (Figure 3a
and b) showed a characteristic band at 967 nm (1) and 941 nm
(2), together with absorptions at 669 nm (1) and 652 nm (2).
When the temperature decreased to —60°C, the intensity of
the NIR absorption bands dramatically increased at 954 nm
(1) and 929 nm (2) and contrary, the peaks of the higher
energy absorptions around 650-670 nm disappeared; the
spectral changes occurred in a perfectly reversible way. To
assign the characteristic absorptions of 1 (954 nm at —60°C)
and 2 (929 nm at —60°C), TD-DFT (TD =time-dependent)
calculations®® were carried out on the real structures of 1 and
2 by using restricted (R)-B3LYP functionals with a basis set of
LANL2DZ for Pd, 6-31 + G* for P, 6-31G* for C, and 6-31G
for H as single-point calculations, and showed very intense
absorptions at 877 nm with f (oscillator strength) =1.750 for
1 and at 888 nm with f=2.294 for 2, which are exclusively
assignable to spin-allowed HOMO-LUMO transitions (Fig-
ures 2b and S16-S19). As to the higher energy absorptions at
669 nm (1) and 652 nm (2) at 25°C, the TD-DFT calculations
did not show meaningful peaks./*
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Figure 3. Temperature-dependent electronic absorption spectra of 1 (a) and 2 (b) in CH,Cl, and 3 (c)
in CH;CN. d) Temperature-dependent absorption (Ab. left) and emission (Em. right, excited at
882 nm) spectra of 3 in CH;CN for the near IR region.
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The solvent-terminated complexes 3 and 4 are extremely
stable in the respective solvent, and also exhibited the
temperature-dependent characteristic absorption spectral
changes (Figures 3¢ and S5); the intensities of NIR absorp-
tions increase at low temperature at 896 nm (3, —30°C) and
910 nm (4, —50°C), whereas they decrease at room temper-
ature and disappeared at higher temperature. Complex 3 is
interestingly luminous to emit at 960 nm (—30°C) upon an
irradiation at 882 nm in acetonitrile with a temperature
dependency similar to the absorption band (Figure 3d). The
small Stokes shift of 744 cm™ suggested that the photo-
induced structural changes between the ground and excited
states are remarkably small, which may be attributed to the
interligand C—H-xt interactions at lower temperature (see
below). In other words, the quite
intense NIR absorption at low
temperature is presumed to bear a)
a character of 0-0 transition in the
vibrational mode with respect to
the central Pd-Pd bond on consid-
ering vibrational overlap Frank-  ggoc Sol
Condon factor.® It should be
noted that the HOMO-LUMO
transition energy of 1-4 derived
from the NIR absorption at low
temperature [10.48 (1), 10.76 (2),
10.98 (3), 10.99kcm ™" (4)] showed
an approximate positive correla-
tion to the Pd.,—Pd., distances
[2.7319(6) (1), 2.7391(6) (2),
2.7575(6) (3), 2.7743(4) A (4)]
determined by X-ray analyses,
demonstrating that the electronic
structures of the Pdg chains can be
tuned by varying the terminal
ligands. The 'H{*'P} NMR spectrum

TH{31P} NMR

Angewandte
imemationalediion . CEIMIE

almost unchanged upon varying the temperature, only
exhibiting a broadening feature at 60°C. These NMR spectra
suggested that the solvent-terminated octapalladium chain is
retained even in the solution, and is effectively supported at
low temperature by interligand C—H-m interactions as are
found in the solid state structure, whereas they may be
weakened to some extent at higher temperature around 60 °C.

The *'P{'H} and '"H{*'P} NMR spectra of 4 in [D;]DMF
below 60°C showed similar spectral patterns to those
observed for 3 (Figures 4b, S9, and S10); however, at higher
temperature 60 < 7<140°C, the spectral changes demon-
strated another dynamic behavior relating to its dissociation
into tetrapalladium units. In the *'P{'"H} NMR spectra (Fig-
ure 4b), the four peaks coalesced to two resonances (7,

e Ph ¢ Ph
ey
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P P~ _P~_P
N
60 °C 2
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of 3 in CD;CN at room temper-
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methylene protons of dpmppm
ligands, two of which were signifi-
cantly low-energy-shifted at 6 0.86
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their assignments.
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~ 85°C), which became well resolved at 6 0.4 and —10.3 ppm
in a 1:1 ratio at 140°C. In the 'H{*'P} NMR spectrum at
140°C, the peaks for the methylene protons of dpmppm
ligands appeared symmetrically at 6 4.09, 3.97, 3.73, and
2.76 ppm in a 1:2:2:1 ratio without any low-energy shifts due
to C—H-n interactions (Figure S11). These symmetrical
spectra are consistent with a solvent-capped symmetrical
tetrapalladium structure of [Pd,(u-dpmppm),(dmf),]** (5), by
analogy with the isocyanide-terminated tetrapalladium com-
plexes.'®! The *P{'H} NMR spectral changes occurred
reversibly to reveal an equilibrium in which the Pdg complex
4 is the major species below ca. 60 °C and the Pd, complex § is
the major species at around 140°C, providing estimated
thermodynamic parameters of AH°=44(3) kcalmol ' and
AS°=120(8) calmol ' K" (Figure S20). From the thermody-
namic data, the Pdg and Pd, species exist in a ca. 1:1 ratio
around 90°C. In other words, the two {Pd,(u-dpmppm),}*"
units were thermodynamically self-aligned below ca. 60°C to
restore the Pdg chain of {Pdy(u-dpmppm),}**.

The coldspray ionization (CSI) mass spectra of 3 in
CH;CN were measured to elucidate the solution species
(Figures S12 and S13). Unfortunately, the main intense peaks
were observed at m/z =840.929 (z =2) and 1768.867 (z=1),
corresponding to [Pd,(dpmppm),]*" (840.986) and {[Pd,-
(dpmppm),|BF,}* (1768.976), which were generated by
fragmentation of 3 during the ionization processes, but
a closer investigation of the higher mass number region
(2000 < m/z < 6000) disclosed a series of peaks for species of
higher nuclearity derived from aggregation of {Pd,-
(dpmppm),}** units, including distinct peaks at m/z=
3625.646 (z=1), 2697.337 (z=2), 2388.135 (z=3), and
3007.453 (z=3), which were unambiguously assigned to
{[Pds(dpmppm),](BF,)s}" (m/z =3625.956), {[Pdy,-
(dpmppm)c](BF,).)*"  (m/z =2697.467), {[Pdis(dpmppm)y]-
(BF,)s"" (m/z=2388.970), and {[Pdy(dpmppm);,](BF,);}**
(m/z=3007.297) by simulating the distributions of isotopo-
mers (Figure S13a—c). Although their intensities were gen-
erally very weak and the higher-nuclearity species might be
generated during the ionization processes, the series of CSI-
MS peaks implied the possibility of further incremental
extension of palladium chains by aggregation of the tetrapal-
ladium units.

In summary, a series of linear octapalladium clusters was
successfully synthesized through thermodynamic self-align-
ment of two [Pd,(u-dpmppm),}*" units by utilizing the
tetraphosphine dpmppm. The octapalladium chains are
stable in the solutions and exhibited interesting temper-
ature-dependent photochemical properties, which were tuned
by varying the terminal capping ligands. The present findings
are quite useful for establishing nanostructured metal strings
by bottom-up constructions making use of linear metallic
building blocks.
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